Abstract Muscle wasting is a common complication afflicting maintenance hemodialysis (HD) patients, and it is associated with decreased muscle function, exercise performance, physical function, and quality of life. Meanwhile, numerous epidemiologic studies have consistently shown that greater muscle mass (ascertained by body anthropometry surrogates, body composition tests such as dual x-ray absorptiometry, and/or serum creatinine in patients with little to no residual kidney function) is associated with increased survival in this population. The pathophysiology of muscle wasting in HD patients is complex and may be caused by poor dietary intake, catabolic effects of dialysis therapy, hormonal alterations (e.g., decreased levels or resistance to anabolic hormones, increased levels of catabolic hormones), inflammation, metabolic acidosis, and concurrent comorbidities. Muscle disuse resulting from low physical activity is an important yet underappreciated risk factor for muscle wasting. Intra-dialytic resistance exercise training has been suggested as a potential strategy to correct and/or prevent this complication in HD patients, but prior studies examining this exercise modality as an anabolic intervention have shown mixed results. In a recently published 12-week randomized controlled trial of a novel intra-dialytic progressive resistance exercise training (PRET) program vs. control therapy conducted in HD and non-HD patients, PRET resulted in increased muscle volume and strength in both groups. At this time, further study is needed to determine if anabolic improvements imparted by resistance exercise translates into improved physical function and quality of life, decreased hospitalization and mortality risk, and greater cost-effectiveness in HD patients.
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Main text
Approximately 20 to 50 % of maintenance hemodialysis (HD) patients suffer from protein-energy wasting (PEW), a condition of decreased body protein and fat mass that potently predicts morbidity and mortality in this population [1] [2] [3] . Muscle wasting is a key component of PEW, and it adversely affects multiple patient-centered outcomes including muscle function, exercise performance, physical function, and quality of life (QOL) [4, 5] .
Numerous epidemiologic studies have also consistently shown that reduced muscle mass is associated with decreased survival in end-stage renal disease patients, including those receiving HD, peritoneal dialysis, or kidney transplantation [6] [7] [8] [9] [10] [11] [12] [13] [14] . While various body anthropometry surrogates (e.g., mid-arm muscle circumference [9] ) and sophisticated equations have been utilized to estimate muscle mass in these studies [10] , serum creatinine has been found to be a reliable marker of muscle mass in dialysis patients with little to no residual kidney function [13] . Indeed, a number of studies have shown that lower serum creatinine levels in HD patients are associated with increased death risk [6, 7, 11] . Recent data also suggest that decreased muscle strength may be an even more potent mortality predictor than muscle mass [15] .
Given its high prevalence and dire sequelae, considerable study has been made to understand the underlying etiologies of muscle wasting in HD patients, in order to identify strategies that correct and/or prevent this complication (Fig. 1) . The pathophysiology of muscle wasting and weakness appears to be complex and multifactorial and may be attributed to one or more of (1) insufficient nutritional intake; (2) catabolic effects of dialysis therapy; (3) hormonal aberrations including low levels or increased resistance to anabolic hormones (e.g., testosterone, growth hormone, insulin-like growth factor-1 [IGF-1]), increased levels of catabolic hormones (e.g., cortisol), and possible thyroid hormone deficiency; (4) chronic inflammation; (5) metabolic acidosis; and (6) concurrent comorbidities (e.g., diabetic gastroparesis) [1, 4, 16, 17] .
Muscle disuse due to reduced physical activity (defined as "any bodily movement produced by contraction of skeletal muscle that increases energy expenditure above a basal level" [18] ) is another important yet relatively under-appreciated risk factor for muscle wasting in HD patients [19] . Epidemiologic data show that physical activity levels in HD patients are exceedingly low. Among 1,547 ambulatory dialysis patients in the Comprehensive Dialysis Study, physical activity scores ascertained by the Human Activity Profile were below the fifth percentile of healthy individuals based on age and sex norms [20] . Similarly, among 134 patients in the Dialysis Outcomes and Practice Patterns Study, 64 % of patients had sedentary or low physical activity levels [21] . While the 2005 Kidney Disease Outcomes Quality Initiative Clinical Practice Guidelines on Cardiovascular Disease in Dialysis Patients recommend that nephrology and dialysis staff routinely counsel dialysis patients on increasing their physical activity levels [22] , survey data has shown that less than one-third of nephrologists routinely recommend exercise (a form of physical activity that is "planned, structured, repetitive, and purposive in the sense that the improvement or maintenance of one or more components of physical fitness is the objective" [23, 24] ) [25] . This may in part relate to providers' uncertainties regarding the benefits of exercise upon short-and long-term outcomes in HD patients as well as its optimal modality, prescription, and associated risks in this population.
A number of studies have examined various modalities of exercise training in dialysis patients over the past three decades [26] . While most studies have focused on aerobic exercise, which primarily improves cardio-respiratory endurance and fitness, there have been fewer studies of resistance exercise, which promotes muscle growth, mass, and strength; has been shown to be an effective anabolic intervention in elderly patients and other chronic disease populations [27] ; and is theoretically a more optimal exercise modality in enhancing physical function [4, 26, 28] . Furthermore, there has been particular interest in studying resistance exercise during or around the time of dialysis treatment, which is thought to enhance compliance and to counter-act muscle wasting at a time when catabolism is at its peak [1] . In a sentinel study by Johansen et al., among 79 HD patients randomized to a 2×2 factorial trial of moderate-intensity intra-dialytic resistance exercise training and anabolic steroid administration (nandrolone decanoate) for 12 weeks, exercise resulted in increased quadriceps muscle cross-sectional area measured by MRI, increased strength, and improved self-reported physical function [29] . However, resistance exercise did not increase lean body mass detected by dual-energy x-ray absorptiometry nor improve physical performance (e.g., walk test, stair climb, chair rise). Shortly thereafter, an elegant study conducted by Kopple et al. showed that, among 80 patients randomized to intra-dialytic strength/resistance training, endurance training, strength/resistance + endurance training, vs. no exercise training, those assigned to resistance or endurance training experienced increases in muscle mRNA, muscle IGF-1 protein, and lean body mass ascertained by anthropometric measurements [30] . However, other randomized controlled trials of moderate-to high-intensity resistance training alone, or in combination with intra-dialytic nutritional supplementation, have not shown improvements in muscle cross-sectional area nor lean body mass and have been inconsistent with respect to effects upon muscle strength [31] [32] [33] . Hence, the utility of intra-dialytic resistance exercise as an anabolic intervention in HD patients has remained unclear.
A recent study by Kirkman et al. published in the Journal of Cachexia, Sarcopenia, and Muscle entitled "Anabolic Exercise in Haemodialysis Patients: A Randomized Controlled Pilot Study" has sought to address this knowledge gap by examining the impact of a novel intra-dialytic progressive resistance exercise training (PRET) program on muscle volume, strength, and physical function in HD patients as well as in non-HD healthy patients during university visits [19] . In this single-blind controlled study, 23 HD and 9 non-HD patients were randomized to PRET, which consisted of thrice-weekly high-intensity leg press exercises (three sets of eight to ten repetitions at 80 % of their predicted one-repetition maximum, which is the maximum weight that can be lifted one time with proper technique), vs. control (SHAM) therapy, which consisted of low-intensity lower body stretching activities using ultra-light resistance bands. An important innovation of this study was to incorporate an incremental increase in the weekly training load/volume in the PRET arm of the trial. After a 12-week interventional period, PRET resulted in a significant increase in (1) the primary outcome of thigh muscle volume ascertained by MRI and (2) the secondary outcome of knee extensor strength measured by isometric dynamometer in both HD and non-HD patients. Furthermore, patients randomized to SHAM therapy, particularly those in the HD group, experienced clinically significant amounts of muscle volume loss.
However, PRET did not enhance HD patients' (3) performance in physical function tests (e.g., sit-to-stand, get-up-andgo, walk test) or (4) self-reported QOL ascertained by the Short Form-36, although improvements in non-HD patients were observed. This stands in contrast to prior studies in the elderly, those with other catabolic states, and dialysis patients in whom similar interventions have resulted in improved physical function [27, 34] . This study's discrepant findings may have been due to (1) selection of particular physical function assessment tests that have a high degree of variability, are subject to a ceiling effect, or have limited ability to capture improvements in activities of daily living as compared to other physical function instruments and metrics (i.e., selfreported physical function) [29] ; (2) type 2 error due to the small sample size of the pilot study; or (3) true absence of effect on physical function and QOL.
Several important contributions made by Kirkman et al.'s study should be noted. First, their incorporation of a graded increase in weekly training load/volume in the study arm may be necessary to promote an adequate anabolic response in HD patients, and the absence of this intervention in prior studies of resistance training may in part explain the inconsistencies across these collective data [19, [29] [30] [31] [32] [33] . Second, while earlier studies of intra-dialytic resistance have employed combination anabolic interventions (i.e., anabolic hormone administration [29] , intra-dialytic nutritional supplementation [33] ) given concerns that exercise both stimulates muscle protein synthesis and breakdown, the findings of the Kirkman et al. study suggest that PRET alone can augment muscle volume and strength. Third, while there may be theoretical concerns related to the risk of exercise in HD patients (e.g., particularly musculoskeletal injury, cardiac ischemia, and sudden cardiac death as well as exercise-related hypo-and hypertension, electrolyte abnormalities, and hypoglycemia [26, 28] ), the low frequency and rather mild nature of adverse events observed in HD patients assigned to the PRET arm provides further reassurance that resistance exercise is safe in this population. However, it is of our opinion that HD patients with underlying history or risk factors for cardiopulmonary disease and related comorbidities should undergo exercise testing prior to the initiation of a resistance exercise training program.
Taken together, these data corroborate that resistance exercise training administered at incrementally higher levels is an effective and safe anabolic intervention in HD patients. At this time, further study is needed to determine if these short-term augmentations in muscle volume and strength translate into improved physical function, QOL, hospitalization and mortality risk, and cost-effectiveness.
